The methodology to be used in this paper is estimation of a threshold autoregressive (TAR) model. In this model deviations are random within a band defined by transactions costs and contract risk, and autoregressive towards the band outside it. The principal reference is Tchernykh (1998). These estimates can provide indicators for policy-makers of the market's expectation of crisis. They could also provide indicators for the private sector of convergence of deviations to their usual bands. The estimation methodology is a non-linear three-regime maximum likelihood procedure. The TAR model has the potential to be applied to differentials between linked pairs of financial market prices more generally. This paper modifies the classical TAR model to allow for progressive deviations from a stochastic regime, rather than simple jumps.
Definition of CIP
The covered interest parity (CIP) theorem for foreign exchange states that the foreign exchange forward premium equals the interest rate differential between two relevant currencies; in log-linear form the formula for CIP can be expressed as:
( 1) Here in logarithmic form represents the i-period forward exchange rate in terms of units of home currency per unit of foreign exchange, s is the spot exchange rate, is the domestic i-period interest rate, and is the foreign i-period interest rate.
While the literature has tended to concentrate on the form of CIP expressed in equation (1), a more general form of covered interest arbitrage would involve arbitraging along the term structure. Then the following generalized CIP condition must hold:
.
Here in log-form and are the forward exchange rates for period and ; is the domestic forward interest rate, and is the foreign forward interest rate between times and , with .
From equation (2), the generalized CIP condition, we define the deviation from CIP for arbitrage between maturities and at time , as .
Our empirical methodology involves estimating nonlinear time series models for . In particular, we wish to estimate the neutral band within which arbitrage does not take place, and the speed of mean reversion of deviations from CIP outside of the band.
Asian Data
This section motivates the use of Threshold Models by reviewing the behaviour of CIP deviations in recent data from Asia. These data are summarized in Graphs 1 -6. These show data for the Thai baht, the Indonesian rupiah, the Philippine peso, the Singapore dollar, the Korean won, and the Taiwan dollar.
These data were provided by JP Morgan, Singapore. Each graph shows the 3-6 month forward-forward deviation.
We will not comment in detail on all of the graphs, but rather focus on similarities and major points for subsequent analysis. All of the graphs show the Asian crisis of 1997 -1998 , with large deviations from CIP. There are quiet periods before and after the crisis, and another volatile period in 2001 in some of the graphs. TAR behaviour can be seen during non-crisis periods in most of the cases. We will focus on these non-crisis periods in estimation. Below we will demonstrate this with the data for the Philippines and Hong Kong.
We begin with the Thai data in Graph 1. Here we see a quiet period before the 1997 crisis, which may be white noise within a TAR band, then we see the deviation opening during the crisis, with several peaks. The period from October 1998 to the end of the data resembles a TAR process. The deviation jumps in early May 1997, well before the crisis, and then widens. The movement in the deviation also came in steps. This movement in steps is characteristic of the Asian data. It suggests that the TAR model should be modified for upward deviations in several steps, rather than a single jump. clearest TAR movement, so we will begin detailed estimation on these data later in the paper.
The data for the Singapore dollar are shown in Graph 4. These data show relatively quiet periods before and after the crisis of October 1997 to the end of 1998. The deviation also leads the crisis, as in the previous graphs. The quiet periods in the Singapore data show relatively large variations around a negative mean. This suggests that the problem in Singapore was failure of arbitrage into the Singapore dollar, contrasted with the previous data. This may reflect the policy of appreciation of the Singapore dollar and some form of short-term capital controls.
Graph 5 shows the data for the Korean won. There we see again the quiet periods before and after the crisis. But in the Korean case deviations widen well before the crisis at the end of 1996. The Korean data show a pattern different from Asia, with a disturbance much earlier.
Movements in deviations for the Taiwan dollar are shown in Graph 6. These data are more turbulent than the earlier data for Asia. We see a relatively quiet period from December 1994 to mid 1997. Then the crisis comes in two pulses, October 1997 and July 1998. In these periods, and afterwards, we see behaviour that may be consistent with the TAR model. Another crisis appears at the end of 2001. This is consistent with the Asian data. The Taiwan dollar data might be a good target for the next detailed examination.
Several main points emerge from the discussion of the Asian data.
1. There are large deviations before and during crises.
2. The deviations get larger, the longer the maturity of contract as was shown in Tchernykh Branson (2002) . A possible implication is that liquidity dries up due to the cumulative probability of contract risk.
3. The graphs show quiet periods where simple stochastic movements within band apply, periods of crisis, and periods where the TAR model applies. A parametric model which may capture this non-linear behaviour -and which nests both instantaneous and slower mean-reversion towards the band -is the threshold autoregressive (TAR) model (Tong, 1983) .
Extending the work of Taylor and Peel (1998) to allow for asymmetry in the neutral band, a simple TAR model allowing deviations from covered interest parity, , to follow a random walk within a band with an upper threshold of and a lower threshold of , while exhibiting mean-reverting first-order autoregressive behaviour outside of the band may be written:
where and . This is the definition of the TAR model used in this paper.
In the absence of prior knowledge about the bandwidth, this model cannot be estimated by simple least square methods. The method of maximum likelihood can, however, be applied to provide estimates of all of the unknown parameters, including the bandwidth. The log-likelihood function for this model can be written:
If it is believed that there are insufficient data points showing evidence of having crossed the lower threshold -such as a lack of negative deviations from CIP for example, then it may not be possible to identify the asymmetric band TAR model just outlined. This is the case in most emerging markets. In this case we may still be able to estimate the upper threshold by estimating a single-threshold model of the form:
( 5.2) where and .
The likelihood function for the asymmetric model then takes the form:
and estimation may proceed as before.
Modified TAR (MTAR) Model
In the data from Asia in Graphs 1-6 we saw that deviations from CIP frequently occurred in irregular steps, not single jumps as assumed by the classical TAR model. The number and magnitude of these steps differ substantially across episodes. Including these data points in estimation of the classical TAR model would put an upward bias in the estimates of the parameter for the speed of autoregression.
These movements may reflect a Poisson process involving information lags of some sort. Estimating this process remains a topic for a future research. Thus, at this point in the research we will proceed with the estimation of a "modified" TAR model, the MTAR model, which eliminates the steps in the deviations.
This modification eliminates the data points in the steps in the deviations, and proceeds with estimation as if the deviation jumps to its maximum. (1) data generating process with Gaussian errors and generate 5,000 artificial data sets equal in length to the actual data set plus 100, each with an initial value of zero; for each data set, discard the first 100 data points (to avoid initial value bias), estimate the relevant TAR model and the AR(1) model, construct the likelihood ratio statistic and save it; take the resulting 5,000 values of the likelihood ratio statistic as the empirical distribution of the statistic under the null hypothesis.
Empirical Results: Hong Kong and the Philippines

Hong Kong
The data on the 3-month -6-month CIP deviations, defined in equation (3) In the crisis period the data do not follow TAR behaviour, so the comparison is irrelevant. The comparisons of the estimates in the periods in which the MTAR is confirmed support the superiority of the MTAR.
The Philippines
The Philippine data are shown in Graph 11. These data show four distinct regimes of behaviour. The first is a relatively quiet period before the Asian crisis broke out, from August 1994 to the end of May 1997.
This may be a period of TAR behaviour. The second is the period of the crisis, from June 1997 to the end of April 1999. This is not likely to follow a TAR process. The third is the period from May 1999 to the end of August 2000. This is noisier than the first period, but may also follow TAR behaviour. The fourth is the period from September 2000 to the end of March 2002. This seems to contain another crisis at the beginning, but perhaps TAR behaviour after that.
The MTAR model has been estimated for each of these sub periods, and the results are presented in Graphs 11 -15, following a similar format as the Hong Kong presentation, but without the TAR estimates, which were presented in Tchernykh Branson (2002) . We begin the discussion of the results with Graph 12 for the first period. We will discuss these in some detail, and then summarize the rest of the results, Earlier work on CIP deviations, for example Taylor and Peel (1998) and Tchernykh (1998) The review of the Asian data led to two observations in addition to the deviations opening in steps: there are large deviations before and during crises and the deviations get larger, the longer the maturity of the forward contracts. Thus CIP deviations can be used as leading indicators of crises.
The estimation of the MTAR on the Hong Kong data was confirmed for the two periods before and after the Asian crisis. The estimation yields very low thresholds and fairly persistent small deviations in these relatively quiet periods. The MTAR and classical TAR were compared on the Hong Kong data, confirming the bias in the estimate of using the classical TAR model.
The Philippine data are much noisier, showed a wider range of regimes. The MTAR was confirmed on the three identified non-crisis regimes. There the estimates ranged from 0.93 to 0.62. Thus the parameters of the confirmed MTAR models vary substantially across regimes. The MTAR for the Philippine data perform better than the earlier TAR estimates.
Thus deviations from CIP, and estimates of the MTAR model, can be useful to policy-makers and traders.
Policy-makers can use these as signals of bubbles and coming crises. Traders can use them as the basis for trading rules for arbitrage. These data were divided into 3 parts and the following research has been done separately for each part. 
